A DNA double-strand break (DSB) can be repaired by any of several alternative and competing mechanisms. The repaired sequences often differ from the original depending on which mechanism was used so that the cell's ''choice'' of repair mechanism can have profound genetic consequences. DSBs can accumulate with age [1, 2] , and human diseases that mimic some of the effects of aging, such as increased susceptibility to cancer, are associated with certain defects in DSB repair [3, 4] . The premeiotic germ cells of Drosophila provide a useful model for exploration of the connection between aging and DNA repair because these cells are subject to mortality and other agerelated changes [5] , and their DNA repair process is easily quantified. We used Rr3, a repair reporter system in Drosophila [6], to show that the relative usage of DSB repair mechanisms can change substantially as an organism ages. Homologous repair increased linearly in the male germline from 14% in young individuals to more than 60% in old ones, whereas two other pathways showed a corresponding decrease. Furthermore, the proportion of longer conversion tracts (>156 bp) also increased nearly 2-fold as the flies aged. These findings are relevant to the more general question of how DNA damage and repair are related to aging.
Summary A DNA double-strand break (DSB) can be repaired by any of several alternative and competing mechanisms. The repaired sequences often differ from the original depending on which mechanism was used so that the cell's ''choice'' of repair mechanism can have profound genetic consequences. DSBs can accumulate with age [1, 2] , and human diseases that mimic some of the effects of aging, such as increased susceptibility to cancer, are associated with certain defects in DSB repair [3, 4] . The premeiotic germ cells of Drosophila provide a useful model for exploration of the connection between aging and DNA repair because these cells are subject to mortality and other agerelated changes [5] , and their DNA repair process is easily quantified. We used Rr3, a repair reporter system in Drosophila [6] , to show that the relative usage of DSB repair mechanisms can change substantially as an organism ages. Homologous repair increased linearly in the male germline from 14% in young individuals to more than 60% in old ones, whereas two other pathways showed a corresponding decrease. Furthermore, the proportion of longer conversion tracts (>156 bp) also increased nearly 2-fold as the flies aged. These findings are relevant to the more general question of how DNA damage and repair are related to aging.
Results and Discussion
The suspected link between DNA damage and aging [2] [3] [4] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] raises the question of whether cells change their way of handling DNA damage as the organism ages. The complexity of DNA repair mechanisms leaves adequate room for such changes. For example, cells have multiple mechanisms for repairing double-strand breaks [17] , implying a degree of flexibility in the repair process. All of these mechanisms rejoin the broken ends so that the cell cycle can proceed, but they differ in the likelihood and extent of sequence changes at the repair site. Therefore, any changes in the relative usage of DSB repair mechanisms will affect how DNA damage accumulates. In this report, we show that the relative usage of DSB repair pathways in at least one tissue type can change dramatically as the organism ages.
Measuring Three Types of DSB Repair
Our approach was to use a reporter construct, Rr3 (Repair reporter 3), to monitor the relative usage of three DSB repair mechanisms in the germ cells of Drosophila males as they age [6] . It is a longitudinal study with each male being sampled multiple times in its lifetime. The three repair outcomes we measure are NHEJ (nonhomologous end-joining), SSA (single-strand annealing), and HR-h (homologous repair with the homolog as the template). NHEJ requires no extensive homology but often leaves small additions, deletions, or other sequence alterations at the repaired site [18] . SSA makes use of directly duplicated sequences flanking the break [19, 20] and is only used when such a duplication is available. One copy of the duplication and any interstitial sequence is lost in the course of the repair. HR involves conversion from a template duplex, which is frequently the sister chromatid or the homolog [21] . Here, we will distinguish between HR with the sister chromatid as template and HR with the homolog as template by using the abbreviations HR-s and HR-h. Figure 1A shows where our three measured quantities fit into a scheme of known DSB repair pathways.
In our experimental system, double-strand breaks are created at a specific site within the Rr3 construct (Figure 1B) by an endonuclease gene that is expressed continuously throughout development and aging. Each break can be repaired by SSA, NHEJ, or HR-h such that the repair products can be distinguished in the next generation by a combination of phenotypic and PCR scoring (see Experimental Procedures). Breaks can also be repaired by HR-s, but such events restore the cut site within Rr3 and thus enable further rounds of breakage and repair. The three measured frequencies represent the possible endpoints of this potentially cyclical process. Previous measurements with Rr3 [6] indicate that the frequencies of SSA, NHEJ, and HR-h usually total close to 100%, suggesting that most copies of Rr3 are cut at least once and are finally repaired by one of the three measured pathways. No further cutting by the endonuclease is possible after SSA, NHEJ, or HR-h has occurred and the endonuclease recognition site has been destroyed. Figure 2 shows the scheme for monitoring the relative frequencies of the three possible repair outcomes throughout the fertile lifetime of individual males. In this scheme, each male provides a statistically independent estimate of the relative frequency for each outcome at multiple time points as he ages. Each time point consists of sperm sampled during a 1 week period. Sampling was stopped after 6 weeks when most of the males had died or become infertile. Only males that remained fertile for at least the first 3 weeks were used.
Increase in Homologous Repair during Aging
The results ( Figure 3A and Table S1 in the Supplemental Data available online) show a marked change in relative pathway usage over time. Only 13.6% of the *Correspondence: wrengels@wisc.edu chromosomes sampled from the youngest males had been repaired by HR-h, making it the least frequent outcome of the three. As the flies aged, however, the frequency of HR-h increased steadily until it was the dominant outcome (60.9%) in samples from the oldest males. At the same time, SSA and NHEJ decreased proportionately so that the total of the three outcomes remained close to 100% throughout the 6 week period. (B) Scheme used for measuring relative usage of DSB repair pathways [6] . Repair outcomes are measured in the germline of individual males that are heterozygous for the reporter construct, Rr3. This construct includes a nonfunctional copy of the DsRed gene that is interrupted by a recognition site (C) for the I-SceI endonuclease. It also contains a 147 bp duplication, symbolized by the letters sRe within DsRed. The other homolog carries a modified version of Rr3, called Rr3EJ1, in which the I-SceI cut site has been destroyed by the insertion of 14 bp and loss of 2 bp (represented by a thick black ''X''). It also carries a 16 bp deletion (*) relative to Rr3 located 156 bp to the right of the former cut site. Dominant visible markers Sternopleural (Sp) and Lobe (L) were used to distinguish the homologs [36] .
Note that the repair frequencies measured at week 2 in Figure 3A are comparable with previous results with the same insertions of Rr3 and the endonuclease ( [6] , lower part of Table 2 under ''UIE-5B''). This similarity is expected because males were generally mated an average of 2 weeks posteclosion in the previous work. Standard errors for all three measurements increased with age as a result of fewer surviving males and decreased fecundity.
Age-Dependant Changes in Conversion-Tract Length
We classified HR-h events in terms of the length of their conversion tracts by making use of a 16 bp deletion that lies 156 bp to the right of the former I-SceI cut site on the template (labeled as ''*'' within Rr3EJ1 in Figure 1B ). Because of this deletion, conversion tracts extending more than 156 bp to the right yield a detectably shorter PCR product than tracts extending less than 156 bp. The results in Figure 3C showed a steady increase in the proportion of longer tracts as the males aged. Young males had roughly equal numbers of long and short tracts, whereas 80% of the HR-h tracts in older males were long. The change was roughly linear.
Because PCR data were available for most individual samples from each male, we could calculate the absolute frequency of long and short HR-h for those samples by multiplying the proportion of long (or short) tracts by our estimate of the absolute HR-h frequency. The results in Figure 3D showed that the long-tract HR-h increased steadily with age, whereas short-tract HR-h increased only slightly if at all. Thus, most of the effect seen in Figure 3A can be attributed to the increase in longtract-HR-h events.
Changes in NHEJ and SSA When HR-h Is Unavailable Previous work [6] has shown that the relative usage of the various DSB repair pathways tends to change in a compensatory way suggestive of competition between the pathways for the repair of each break. In view of this interplay between the pathways, it was of interest to determine how SSA and NHEJ changed with organismal age in a genotype where HR-h is not available. To do this, we used a modified version of the scheme in Figure 1B ; the males are similar to those shown in the figure except that the template construct (Rr3EJ1) was not present. Thus, there was no sequence in trans to Rr3 suitable for use as a template for HR-h. We then used the procedure in Figure 2 to measure SSA and NHEJ as the males aged. We found ( Figure 3B ) that SSA actually increased with age when HR-h was not available. NHEJ still decreased with age but more gently than it did when HR-h was an option. The increase of SSA and the decrease of NHEJ were both statistically significant as shown by the analysis of individual male trajectories (see below). The contrast between Figures 3A and 3B suggests that the strong increase in HR-h frequency with age is the primary factor driving the SSA decrease seen in Figure 3A and perhaps part of the decrease in NHEJ as well.
Age-Dependent Changes Seen in Individual Males
Much of the power of the scheme in Figure 2 comes from its ability to follow changes in DSB-repair-pathway usage in individual males as they age. The pattern seen for most of the individual males reflected the overall trend. For example, the frequency of HR-h was positively correlated with age for 11 of the 12 males for which HR-h could be estimated at all six time points. Detailed Figure 1B is individually mated with four to five females. After 1 week, the male is moved to a new vial with a fresh set of females, whereas the first set of females is allowed to continue to lay eggs. The process continues with a new set of females each week for as long as the male remains fertile. All offspring from each set of females were scored so that relative usage of DSB repair mechanisms can be measured. Those that do not receive the I-SceI endonuclease gene from their father (''endo2'') are used to compute the SSA frequency as the proportion expressing DsRed. Among the progeny lacking the I-SceI endonuclease, the proportion not expressing DsRed represents the combined frequency of HR-h and NHEJ. To obtain separate estimates for HR-h and NHEJ, we sampled ten of the nonDsRed offspring from each time point of each male, or as many as were available, for testing by PCR as shown in Figure S1 . ''PCR+'' indicates presence of the amplicon specific for Rr3EJ1. Computation of the final estimates and their standard errors was performed as described [6] . Note that because SSA was measured with a different subset of the offspring from those used for the other two pathways, the total can be more or less than 100%.
results for these 12 males are in Table S2 . Each male provides an independent time series, with the serial correlations shown in Figure S2 . We used a simple and robust statistical test for trends based on the numbers of males showing positive versus negative serial correlations. This procedure (see Supplemental Experimental Procedures) is independent of the underlying distribution of events within each individual's germ line.
For HR-h ( Figure S2A ), there were 94 males with at least 4 weeks of data available, and 76 of them had a positive autocorrelation. These numbers correspond to a p value of 2 3 10 210 obtained by summation of the binomial probabilities in both tails.
The same test did not show a significant time trend for NHEJ or SSA in Figures S2B and S2C . However, the distribution in Figure S2B revealed an unexpected pattern.
Overall, the distribution is clearly bimodal with two distinct groups. Males that died or became infertile after 4 weeks had a positive trend for NHEJ, whereas the others showed the opposite trend. When these groups were analyzed separately, the two opposing trends were both highly significant (p = 9 3 10 29 and 4 3 10 24 , respectively), suggesting that a subset of the males, which had a tendency to increase their NHEJ usage with age also were less likely to remain viable and fertile. We do not know the basis for this dichotomy; all the males were genetically identical for chromosomes X and 2, but they could be heterogeneous for genes on chromosome 3.
When HR-h events were classified according to the length of the conversion tract, we see that the trend for long tracts to increase with age is highly significant Figures 1B and 2 and reference [6] . Sample sizes refer to the number of males (marked by the letter M) that were fertile at each time point and the total number of progeny scored (marked by the letter P) at that time point. Age refers to the time since the adult male enclosed. (B) Similar to (A) except for the absence of the template construct, Rr3EJ1 ( Figure 1B) . Only SSA and NHEJ are measured in this case because the HR-h requires a template on the homolog. The NHEJ measurement does not require a PCR test in this case. It was obtained as the proportion of nonDsRed progeny among those that received the endonuclease gene. Note that this procedure is equivalent to ''Cross 1'' as described previously [6] , whereas the method in (A) is equivalent to ''Cross 2.'' (C) Increase with age in the proportion of HR-h-repair events in which at least 156 bp to the right of the cut site had been copied in. (D) Absolute frequency of long and short HR-h conversion tracts. This plot includes only samples for which PCR data allowed an estimate of the proportion of HR-h events with longer conversion tracts. Also shown is the number of viable and fertile males at each time point for which an estimate of the proportions of long-and short-tract HR-h could be calculated.
( Figure S2D ), whereas the gentler increase in short-tract HR-h is not ( Figure S2E ). When HR-h was not available ( Figures S2F and S2G ), the decrease with age in NHEJ and the increase in SSA were both significant. Note that these two measurements come from different subsets of the offspring-those with and without endonuclease, respectively (Figure 2) -and, therefore, are free to vary independently. However, when the NHEJ and SSA measurements were summed for each male at each time point (Figure S2H) , there was no significant trend with age. That is, the overall frequency of DSB repair via these two pathways remained roughly constant with age, even as the relative usage of NHEJ dropped and that of SSA increased.
Most of the Measured Events Occurred after Stem-Cell Divisions
Some information about the stage of spermatogenesis in which a particular DSB repair event occurs can be obtained by testing of the recurrence of specific repair products over the life of individual males. As described in the Supplemental Experimental Procedures, we made use of specific NHEJ events, which were identifiable by unique bands, to classify them as either persistent, i.e., occurring in or prior to stem cells, versus transient, indicating occurrence in spermatogonia or meiosis. The heavy preponderance of events that failed to appear in later time points (101/110) is consistent with our main finding (Figure 3 ) of substantial changes in repair-pathway usage because such extensive changes with age would not be expected if most repair events occurred in the stem cells or prior to their formation.
Aging and the Germline Cells in the germline are not exempt from the aging process. In humans, recent work shows that mutations of the kind likely to result from faulty repair of DNA damage become more common in sperm as males age [22] . Other recent studies show that the Drosophila germline is also subject to aging. The germline stem cells, like somatic stem cells, are mortal [23] . They have an estimated half-life of 14 days [5] , whereas the number of stem cells is maintained at 5-9 per testis through regeneration from differentiated cells or symmetric division of surviving stem cells. Furthermore, parameters of the cell cycle change as the organism ages [5] . The present results show that DSB repair is another way in which the germline changes with the age of the organism.
Comparable Phenomena Observed in Other Systems
The question of whether aging is correlated with changes in DNA repair has been addressed with other systems, although these systems have not provided the ability to monitor several DSB repair pathways simultaneously. In budding yeast, there was a sharp increase in loss of heterozygosity (LOH) events after 25 mother-to-mother cell generations [24, 25] . These events were attributed to homologous repair of double-strand breaks via the ''breakage-induced replication'' (BIR, Figure 1A ) pathway. It was not clear whether the change came from an age-related increase in DSB formation or from a change in repair-pathway usage. The authors found that LOH was usually seen in the daughter cells rather than the mother cells. Because yeast mother cells may be considered analogous to stem cells, this tendency parallels our observation that clusters were predominantly transient rather than persistent. In our data, however, BIR is clearly not responsible for the increase in HR-h because BIR would result in genotypes Sp + or + L rather than Sp L (see Figure 1B) . A few Sp + and + L offspring were seen among the progeny, but these were rare. Moreover, the position of Rr3 in the middle of chromosome arm 2R implies that its distance from the telomere is too great for efficient BIR [26] .
Seluanov et al. [27] measured the ability of human fibroblasts to use NHEJ to repair DSBs in transfected DNA. They found that NHEJ in young cells was 4.5-fold more efficient than that in presenescent or senescent cells and had greater fidelity. In another study, repair via NHEJ occurred less often in extracts from rat cerebral cortex when the extracts were prepared from old rats compared to young ones [11] .
Taken together, the above studies show that aging is correlated with an increase in homologous repair (yeast) and a decrease in end-joining (mammals). Our data (Figure 3A) show both of these trends but with the added information that the changes reflect a shift in relative usage of specific repair pathways as opposed to a general increase or decrease in DSB repair efficiency.
Possible Causes of Age-Dependent Changes in DSB Repair
We cannot determine the specific underlying basis for the observed age-related changes, but we can consider several testable categories of explanation: First, the expression levels of one or more pathway-specific genes could change with age. Microarray data that address this possibility are available from Girardot et al. [28] and others (see the online table in [28] ). The data from Drosophila abdomens are especially relevant for germline expression. These studies identified some DNArepair-related genes, such as rad50 and ATM, with agedependant expression, but these genes are not pathway specific [29, 30] . Their major role may be in HR, but it is not clear whether increased expression of these genes would lead to more HR. Overall, the available microarray studies reveal no clear candidates for genes whose agespecific expression could explain our data. However, the situation could change with the addition of more extensive microarray data, especially if the level of tissue specificity is enhanced for testes or germline stem cells (e.g., [31, 32] ).
Changes in cell-cycle stage and timing can affect the choice of repair pathways [17] . Recent work [5] shows that the duration of the cell cycle increases with age in Drosophila male germline stem cells. A slower cell cycle could favor HR by allowing more time for DNA synthesis. Indeed, our data show that longer conversion tracts, and thus more DNA synthesis, tend to occur in the more slowly cycling older cells (Figures 3C and 3D ). An opportunity to test this explanation comes from the observation that flies with the aging-retardation mutation, methuselah, did not show this lengthening of the cell cycle [5] . Another example of how a change in cell-cycle timing could account for our result would be if gonial cells of older males spent a greater proportion of their time in G1 compared to comparable cells in younger males. In that case, HR in older males would be more likely to use the homologous chromosome as the template instead of the sister chromatid, which is absent in G1. Therefore, the relative usage of HR-s would decrease with a corresponding increase in the proportion of HR-h with age. One prediction from this model is that gonial cells from younger males would have an increased average DNA content per cell (i.e., greater proportion of G2) relative to those of older males.
The increased use of HR in older individuals could also result from changes in histone acetylation or other chromatin properties. A recent report [33] shows that mutations that cause hypoacetylation also result in increased use of HR relative to NHEJ in somatic cells. There is also an intriguing link between acetylation and aging via the Sir2 gene family [10] . Because the effects of histone deacetylases tend to be locus specific [34] , a prediction of this model is that moving Rr3 to a different genomic location could result in a different profile of age-specific usage of DSB repair pathways.
Age-dependent DSB repair could reflect a shift in the composition of the population of stem cells. For example, cell selection might act to favor those stem cells that have undergone HR-h specifically at our reporter construct or cells that have a heritable propensity for using HR-h in general. The former would require a strong selective advantage of homozygosity for the Rr3EJ1 construct ( Figure 1B) , and the latter postulates considerable variability among stem cells for an undefined heritable property affecting DSB-repair-pathway choice. We see no apparent basis for either of these postulates. Another way the stem-cell population might shift is suggested by recent work showing that regenerated stem cells can form from spermatagonial cells in Drosophila [35] . Therefore, as the male ages, its population of stem cells may change to include a greater proportion of these regenerated cells or cells derived from symmetric stem-cell divisions [5] . If the regenerated stem cells differ from original ones in their relative usage of DSB repair pathways, the result would be age-related changes such as those we observed. A test of this model could employ conditional mutations in the Janus-kinasesignal transducer and activator of transcription (Jak-STAT) pathway, which can be used to trigger stem-cell differentiation followed by regeneration [35] .
Finally, several lines of evidence suggest that aging is correlated with an increase in DNA damage, either from an accumulation of unrepaired breaks or a general decrease in genome stability [1, 2, 24] . Unrepaired breaks would not be detected directly by our procedure, which requires viable offspring. However, as the overall demand for DSB repair increases with age, the relative usage of specific pathways is likely to change as a result of differential capacities and scalabilities of the mechanisms. According to this hypothesis, a shift in pathway usage similar to that seen during aging could be triggered by DSB-inducing radiation or chemical mutagens.
Conclusion
The primary significance of our result is the demonstration that the relative usage of DSB repair pathways can change substantially in at least one tissue type as an organism ages. The changes are quantitative-an increase of HR-h at the expense of SSA and NHEJ-as well as qualitative, with HR-h being more likely to involve long conversion tracts as the males age.
It is tempting to speculate on the selective pressures that could favor usage of NHEJ and SSA in young individuals and HR in old ones. NHEJ and SSA are thought to be faster than HR and require no homologous template, but they are much more error prone. They would be favored under conditions where the benefits of rapid somatic development and gamete production outweigh the longer-term costs of accumulated DNA damage. The few individuals who survive to old age may find themselves in a less crowded environment where competition is decreased and opportunities to mate are rare. In such conditions, the advantages of speed are negated and HR may become the favored strategy.
The results raise several questions: We do not yet know whether similar changes occur in somatic cells or in the female germline. It is also possible that the effect depends on the genomic location at which the DSB is made. As more is learned about the degree of generality of these age-related changes, it will become more clear how this finding fits into the larger picture of aging and DNA repair.
Experimental Procedures Measuring Three DSB-Repair Outcomes with Rr3
The endonuclease gene in the males of Figures 1B and 2 was driven by a ubiquitin promoter for continuous expression [6] . It was paternal in origin and thus ruled out any maternal effect expression. The I-SceI endonuclease cuts the recognition site resulting in a DSB, which can be repaired by one of several mechanisms. By examining the progeny, we determined which outcome was realized for each gamete. SSA repair results in offspring with fully expressed DsRed, whereas the other two repair outcomes result in lack of DsRed function and loss of the I-SceI recognition site. We distinguish between NHEJ and HR-h via a PCR test performed on individual offspring. This test utilizes a primer specific for the Rr3EJ1 sequence. Details of the PCR test and an example are in Figure S1 .
An important but subtle feature of this scheme is that flies with an intact copy of Rr3 along with a copy of the endonuclease will be mosaic for DsRed expression because of somatic SSA events during development ( Figure 1B) . We find that these mosaics are always distinguishable from nonDsRed flies and often appear similar to fullbodied DsRed flies. This mosaicism is a critical part of the scheme and allows us to separate the unchanged offspring from those that have undergone one of the three measured repair events. We do this by scoring for SSA only among offspring that did not receive the endonuclease gene and scoring for the other two repair events only among those that did receive the endonuclease gene. That is, we compute SSA = DsRed total endo 2 ; ðcombined NHEJ + HRhÞ = nonred total endo + :
We then distinguish between NHEJ and HR-h by sampling among the nonred endonuclease+ offspring for PCR tests [6] . Figure S1 shows an example of this procedure. Two other benefits of this method are that our SSA estimate, being based on a different subset of the offspring, is statistically independent of the other two and that the total of the three estimates need not sum to 100%; this gives the data an additional degree of freedom. Standard errors for NHEJ, SSA, and HR-h were computed as described in the Appendix of Preston et al. [6] . Empirical standard errors for long-and short-tract HR-h ( Figures 3B and 3C) were computed by treatment of each male tested at a given time point as an independent estimate. 
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